We investigate the adsorption of copolymers from copolymer / homopolymer mixtures at planar chemically patterned surfaces. The Monte Carlo bond fluctuation model is used in conjunction with configurational biased Monte Carlo moves to study the effect of: i) the copolymer microstructure, ii) the size and spatial distribution of chemical heterogeneities on the substrate, and iii) the polymer/substrate interactions on the ability of the copolymer to recognize the substrate chemical pattern. Our results confirm that the surface pattern recognition occurs whenever the characteristic size of the copolymer distribution sequence matches that of the surface heterogeneity domain. Moreover, the copolymer sequence distribution plays a crucial role in determining the extent of the surface pattern transfer into the bulk material. Our results reveal that more pronounced surface pattern transfer into the bulk occurs for small attractions of the adsorbing species to particular surface domains relative to the large attractions.
INTRODUCTION
Organization of polymers near solid surfaces embodies a vast area of both practical and fundamental interest. These systems are relevant to many large-scale technological applications including fiber-filled polymer composites, antireflection coatings, and adhesives. In addition, much research has been done on small-scale applications including chemical sensors and nanoscale patterning and masking [1] [2] [3] . In order to exploit these applications in their entirety, it is necessary to understand the key features and trends associated with polymer adsorption at solid surfaces. Over the past few decades numerous theoretical and experimental reports have appeared that aimed at describing the adsorption of homopolymers and copolymers at chemically homogeneous surfaces [4] . These studies have provided a fundamental understanding of the basic physics and chemistry governing polymer adsorption. However, in many situations the substrates are not completely chemically homogeneous. The substrates may be composed of more than one chemical species or possibly contain impurities, which will directly influence the adsorption properties of polymers. Such "chemically rough" substrates are often encountered in biological situations, examples of which include pathogen-host interactions and biopolymer adhesion for transmembrane signaling and shape transformation of membranes [5] [6] [7] . The idea of a chemically rough surface adds a new dimension to the current issues related to polymer adsorption. In such cases one might expect that the polymer adsorption characteristics will not only depend upon the chain length and monomer sequence distribution along the macromolecule, but also on the sizes, shapes, and spatial distributions of the heterogeneous domains on the surface and the strength of the interactions between chain monomers and the various substrate sites. In particular, a distinct relationship between sequence distribution and the spatial distribution of surface heterogeneities must exist that optimizes the adsorption to give rise to substrate pattern recognition.
Several theoretical models and computer simulations have been conceived and carried out to characterize the process of pattern recognition in systems involving synthetic copolymers [3, 9, 10] . Our present work furthers the investigation into some of the key features thought to enhance pattern recognition, such as the adsorption driven transfer of substrate two-dimensional chemical patterns into three dimensions. In this work we present results from lattice model Monte Carlo (MC) simulations of copolymers embedded in a homopolymer matrix aimed at investigating the effects of: i) polymer/substrate interactions, ii) size and spatial distribution of chemical heterogeneities on the substrate, and iii) the copolymer microstructure on the recognition and transfer of the surface chemical patterns by diblock and alternating copolymers.
MODEL
We use a three dimensional version of the bond fluctuation model (BFM) in conjunction with the configurational biased Monte Carlo (CBMC) algorithm of Frenkel and Smit [11] . The BFM offers an advantage over other MC techniques due to its high coordination number, which allows for close approximation to continuum behavior while still offering the advantages of lattice models, such as integer arithmetic and parallelization [12] . Furthermore, coupling the CBMC with the BFM provides dramatic increase of the rate of equilibrium conformation sampling, thus reducing the overall simulation time. In the BFM, polymers are represented as connected repeat units residing on a three dimensional cubic lattice. One monomer unit is allowed to occupy a single cube, and each monomer is connected to another one by a predetermined set of bond vectors. The bond vectors are built through all possible permutations and sign inversions of these vector families: P(2,0,0)∪P(2,1,0) ∪P(2,1,1)∪P(2,2,1)∪P(3,0,0)∪P(3,1,0). These vector sets prevent any bond vector from crossing and any monomer from overlapping. Figure 1 shows an example of a six-monomer unit chain sitting on the BFM lattice.
The CBMC algorithm is a modification of the sampling scheme originally introduced by Rosenbluth and Rosenbluth the 1950's [13] . The algorithm consists of three general steps. First, a trial conformation is generated to compute the Rosenbluth weight, W(n). This step can constitute regrowth of part of a chain or the entire chain. Next, the Rosenbluth weight of the old configuration, W(o), is determined by retracing the old conformation. Then the trial configuration is accepted with a probability of min 
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The simulations presented here were carried out on a 48×48×48 cubic lattice with a total polymer volume fraction of 0.54, which has been shown to faithfully reproduce the dynamical behavior of dense polymer melts [14] . The system consists of a mixture of a homopolymer A with a copolymer A-B bounded in the z direction by two identically patterned parallel surfaces. Of the 250 polymer chains in the simulation cell, 62 represented copolymers. All chains in the mixture were 30 monomers long with the copolymer having 15 A monomers and 15 B monomers in either a block copolymer (A 15 In all simulations, a square well potential, ε ij , was used to describe the pair-wise interaction between i and j. Athermal interactions were used for the A/A, A/C, A/D, B/B, and B/C pairs (i.e., ε AA = ε AC = ε AD = ε BB = ε BC = 0). A repulsive potential was used for A/B contacts, ε AB = 0.1, and the B/D potential was varied between -0.1, -0.5, and -1.0. All interactions were short ranged and limited to the bond vectors P (2,0,0)∪P(2,1,0)∪P(2,1,1) . The simulations were carried out in the following manner. First, the polymer chains where placed on the lattice in an ordered fashion with an even distribution of the copolymer within the homopolymer, such that the high polymer volume fraction could be obtained. Next the system was allowed to equilibrate with only A/B interactions turned on (typically 10 million MC steps). After the initial equilibration, the surface interactions were engaged and the system was allowed to equilibrate for an additional 10 million MC steps. After the system reached a steady state, equilibrium conformations were sampled every 5000 MC steps in order to obtain the desired ensemble averages. Figure 3 shows x-y planar density profiles for A and B segments of adsorbed chains at 1 st , 3 rd , and 5 th z-planes above different substrates for both alternating (top panel) and diblock (bottom panel) copolymer sequences with a B/D interaction of -1.0. In the first case (left), the melt is subjected to a substrate with a [2×2] checkerboard pattern. Visual inspection suggests that neither sequence shows any signs of substrate pattern recognition. In the case of A 15 -alt-B 15 , one would expect pattern recognition to occur since the sequence length is on the order of the substrate domain size. However, one must keep in mind some of the features of the BFM and 1,1) . Therefore, the closest distance any two monomers can be is 2 cells apart, while the furthest distance any adsorbing monomer can feel the effects of the surface in any direction is equal to √6 cells. Consequently, a B monomer within √6 cells from the [2×2] surface will always feel the effects of a minimum of 4 adsorbing D surface domains and as a result the alternating copolymer "sees" the [2×2] checkerboard pattern (periodicity less than √6) as chemically homogeneous. Based on this argument one would expect pattern recognition to start occurring on a [3×3] checkerboard pattern, which is exactly what our simulations show. Another interesting feature in the behavior of A 15 -alt-B 15 is that the B segmental density in the third plane (z = 3) is higher than that in the first plane (z = 1). This behavior can be contributed to the fact that loops and tails must form in order to alleviate the tendency of the chain to become zipped to the surface resulting in less favorable B/C contacts, A/D contacts, and entropic frustration. In the case of the diblock copolymer sequence, recognition does not occur since the length of the adsorbing block of the copolymer is much larger than the substrate pattern periodicity, which forces the B segments to bridge across several D surface domains. As a result, copolymer brushes form as seen by the high density of B segments at z = 1 and A segments at z > 1. In the case of the [6×6] substrate, pattern recognition is detected for both the alternating and diblock copolymer sequences. However, the A 15 -alt-B 15 shows some interesting behavior. At the z = 1 plane, the substrate pattern motif is reversed. Although the B/D interaction is attractive and the A/D interaction is athermal, the A segments clearly organize themselves above the D domains. Recognition of the D domains by the B segments only occurs at planes greater than 1. Our most resent results suggest that this pattern inversion is a direct result of "frozen" configurations and the increased formation of loops and tails that exist to relieve entropic frustration [15] . In the case of the diblock copolymer, replication of the surface is clear at z = 1, but not perfect. Although the substrate size is greater than the radius of gyration of the adsorbing block, the B block is still long enough to span more than one D domain resulting in cloudy adsorption at the C/D interface. Sharper adsorption lines could be achieved through the introduction of additional molecular interactions (e.g., attractive ε AD or repulsive ε BD ) or larger surface domain sizes. For relatively weak interactions, ε BD = -0.1, the B segments are able to extend out further into the bulk material through the formation of loops and a tail. Both cases show that increasing the B/D interaction pulls the adsorbing block closer to the patterned surface; it does not necessarily increase the copolymer ability to recognize the surface pattern. Specifically, in the case of the [2×2] substrate increasing the interaction does not promote better pattern recognition, which is due primarily to the large disparity between the length of the adsorbing block and the size of the substrate domain. For the [24×24] substrate, increasing the ε BD attraction results in more distinct adsorption lines at the C/D interfaces, but poorer pattern transfer into the bulk.
RESULTS

CONCLUSIONS
The simulation results presented here illustrate the crucial roles of: i) polymer/substrate interactions, ii) size and spatial distribution of chemical heterogeneities on the substrate, and iii) copolymer microstructure on the ability of copolymers to recognize chemical patterns on planar substrates. Our results confirm that recognition of the substrate chemical pattern occurs for copolymers whose sequence distribution is commensurate with the substrate chemical pattern.
However, the effectiveness of the pattern transcription into the bulk can be fine tuned by adjusting the strength of the copolymer/substrate interactions.
